The aim of this work was to identify key factors governing the oxygen fluxes in two thermally stratified lakes of different morphology. Oxygen and temperature profiles in lakes Jeleń and Mały Borek, as well as phytoplankton primary production in Mały Borek (oxygen-method) were measured in monthly intervals, except for periods of ice cover. Rates of oxygen release due to photosynthesis, consumption in the water column, loss to atmosphere, depletion in the hypolimnion, and restoration during periods of turn-over were roughly estimated. It was discovered that trophic conditions and morphometry may substantially influence not only the intensity, but also the timing, of particular events in the oxygen cycle of the lakes.
INTRODUCTION
Dissolved oxygen is one of the most fundamental and, thus, most intensively studied parameters characterizing aquatic ecosystems (e.g. Thienemann 1928 , Juday and Birge 1932 , Eberly 1964 , Mathias and Barica 1980 , Fang et al. 2004 . Oxygen is essential to the metabolism of all aerobic aquatic organisms. It is also involved in key processes in the biogeochemical cycle of major nutritive elements. Fortunately, dissolved oxygen is easy to measure. For this reason, oxygen content in the water is widely used as an indicator of the ecological state or 'health' of water bodies, and is informative not only to hydrobiologists, but also to a wide audience of non-specialists (Kudelska et al. 1994 , Burns 1995 , Hondzo and Stefan 1996 .
In the oxygen budget of a lake, the rates of supply from photosynthetic inputs and from the atmosphere are counterbalanced by consumptive metabolism by biota, nonbiotic chemical reactions, and loss to the atmosphere. Although the general patterns of oxygen distribution in lakes and its seasonal dynamics are well understood (Wetzel 2001) , detailed studies are often necessary in order to assess the direction and the rate of contemporary changes in a given category of water bodies.
The Bytów Lakeland area is characterized by a moraine-type landscape, formed during the last (Pomeranian) phase of the Vistulan glaciation. Closed, small and medium-sized lakes predominate there. The lakes are relatively weakly eutrophic; many of them are soft-water mesotrophic water bodies, known as 'lobelian lakes' because of presence of specific postglacial relict flora (Kraska, Piotrowicz 1994; Szmeja 1996) .
The aim of this work was to quantify roughly the basic oxygen fluxes and to identify key factors governing the oxygen dynamics in two small, thermally stratified lakes in the Bytów Lakeland area. This knowledge will contribute to an understanding of how these ecosystems react to natural and anthropogenic changes in their surroundings.
MATERIALS AND METHODS
Lakes Jeleń (54°12'01'' N; 17°31'37'' E) and Mały Borek (54°05'17'' N; 17°25'37'' E) are closed water bodies with distinct thermal stratification during the growth season. The lakes differed in surface area (89 ha and 7.6 ha, Jeleń and Mały Borek respectively), maximum depth (32 m and 11 m), hypolimnion relative volume (31% and 7.5% of total lake volume), trophic structure (0.018 ±0.006 mg dm -3 TP and 0.031 ±0.004 mg dm -3 TP in the surface layer in summer), and the composition of relict flora (rich populations of Lobelia dortmanna, Isoetes lacustris, and Littorella uniflora in Jeleń, and only a scanty population of L. uniflora in Mały Borek). On the other hand, the hypolimnion relative areas were similar in both lakes (39% and 31% of total lake area).
Oxygen and temperature profiles and chlorophyll a concentrations in lakes Jeleń and Mały Borek, as well as primary production in Mały Borek, were measured in monthly intervals from summer 2004 until fall 2005, except for periods of ice cover. Oxygen and temperature measurements were continued until fall 2006. Oxygen and temperature measurements were conducted in each lake at 5 -7 sites arranged from the lakeside to the central (deepest) part of the lake. Measurements were done with the WTW TA 197-Oxi probe, calibrated occasionally with the Winkler method.
Chlorophyll a concentrations were determined spectrophotometrically (Jeffrey and Humphrey 1975) . Phytoplankton primary production was measured only in Mały Borek at one site located in the central part of the lake with the oxygen method with light and dark bottles (Wetzel and Likens 1991) . Bottles with an approximate volume of 120 cm 3 were incubated in situ for 24 hours at depth levels of 0, 1, 2, 3, 4, 6, and 8 m. Oxygen content determinations were done with the Titrino 702 SM automatic titrometer with a potentiometrically determined titration end-point.
RESULTS AND DISCUSSION
Similarly to many other lakes in the temperate climatic zone, winter oxygen distribution in the lakes studied was strongly related to the ice situation. Wintertime oxygen deficits were dependent on the relative volume of hypolimnion and on the duration of ice cover. In the deep-water lake Jeleń, in April 2005, after a long-lasting fall turn-over (until the end of January 2005) and a subsequent 73 days of ice cover, there were no signs of serious oxygen depletion (Fig. 1,  upper) , while in the shallow-water Mały Borek near-bottom oxygen concentration dropped at that time to about 2 mg dm -3 (Fig. 1, lower) . After the next, more severe winter season, during which ice cover appeared as soon as the end of December 2005 and remained for 104 days until mid April 2006, oxygen in Mały Borek was completely exhausted in the layer from the bottom to the depth of 7 m.
In spring, after the ice melted, only the upper layer was well ventilated, while in the deeper parts thermal stratification prevented any substantial reaeration. Phytoplankton started to grow vigorously while still under the ice sheet, as indicated by the high phytoplankton abundance noted in Mały Borek in (Fig. 2) . ) in lakes Jeleń (upper) and Mały Borek (lower). Pigment deep maxima (esp. in Mały Borek) were not properly estimated, as they most probably comprised bacteriochlorophyll, which absorption spectrum overlap with that of chlorophyll a.
Maximum oxygen fluxes due to photosynthesis were observed in late spring and early summer (gross primary production (GPP) about 4000 mg m -2 d -1 O 2 , Fig. 3, upper) . Due to relatively high water transparency (Secchi depth 3 -5 m), intensive photosynthesis took place in the metalimnion from May until July. During this period oxygen oversaturation peaks within the thermocline were observed in both lakes (Fig. 1) .
In Mały Borek maximum oxygen consumption was observed at the bottom of the thermocline at about a depth of 8 m (Fig. 3, lower) . In this layer maximum chlorophyll a and/or bacteriochlorophyll concentrations were encountered (Fig. 2, lower) . Obviously, organic material sedimenting from the epipelagic layer was accumulated at the density gradient. A high biomass of algae and accompanying heterotrophic organisms intensively consumed oxygen, while low light at this depth enabled photosynthesis by sulphur bacteria. These bacteria are present where light reaches anaerobic, sulphide-containing zones in lakes. In stratified lakes photosynthetic bacteria appear frequently in the contact layer between the oxidative and reductive zones (Takahashi and Ichimura, 1970; Noges and Solovjova, 2005) .
The hypolimnetic oxygen deficit in summer was dependent on the relative volume of the hypolimnion. In Jeleń the oxygen depletion rate averaged approximately 0.4 g m -2 d -1 O 2 in April and May 2005, attained a maximum level of over 1 g m -2 d -1 O 2 in early summer, and then decreased gradually, concurrently with the decrease in oxygen resources in the hypolimnion. Anoxia appeared in this lake by the end of the summer season and lasted for 1 -2 months (Fig. 1, upper) . In Mały Borek, the hypolimnion was practically anoxic for most of the observation period, with the interruption for the fall turn-over (Fig. 1, lower) .
Annual phytoplankton gross primary production in Mały Borek was estimated at 575 g m -2 yr -1 O 2 . Water column oxygen consumption in the central part of the lake was greater than oxygen release due to photosynthesis, and was estimated at 736 g m -2 yr -1 O 2 . From April till September a loss of oxygen to the atmosphere occurred in both lakes, as indicated by the oxygen oversaturation in the surface layer (Fig. 4) . Estimated as epipelagic net primary production plus the difference in epipelagic oxygen resources between April and September, in Mały Borek this flux was about 5% of the total GPP.
The fall turn-over was the only period of significant reaeration of the whole water column. The fall restoration of oxygen resources in Mały Borek was markedly delayed in comparison to Jeleń (Fig. 5) . A possible explanation is the incomplete oxidation of organic matter and the higher oxygen demand for the oxidation of products of anaerobic decomposition of organic matter in lakes with shallow hypolimnions and small oxygen resources. As a consequence, intensive oxygen consumption continued in Mały Borek throughout fall and winter (after oxygen refilling), while in Jeleń it had decreased already in fall, having mineralized most of its organic matter during the vegetative period, concurrently with its production. Oxygen penetrated from the atmosphere to the lake at the maximum rate of approximately 2 g m -2 d -1 O 2 in Mały Borek and 1 g m -2 d -1 O 2 in Jeleń, the difference being explained by a greater initial undersaturation in Mały Borek than in Jeleń. Apparently atmospheric ventilation was of greater importance for Mały Borek than for Jeleń.
As may be inferred from the comparative studies of and Załupka (1998) , conducted on a number of lobelian lakes, oxygen conditions in Mały Borek and Jeleń were similar to those found in other lobelian lakes in the Bytów Lakeland area. Summer-time hypolimnetic anoxia were typical of many shallow but stratified water bodies, while, in deep-water lakes, oxygen concentrations below the thermocline remained relatively high. Therefore, oxygen seasonal patterns and relationships described for the two investigated lakes may be representative for other lobelian lakes in the region as well. It should be stressed however, that since the 1990s, when and Załupka (1998) Primary production estimates of other lakes of the West Pomeranian Lake District are not known. Phytoplankton primary production in Mały Borek (GPP of 575 g m -2 yr -1 O 2 , equivalent to about 180 g m -2 yr -1 C or to 1650 kcal m -2 yr -1 ) appeared to be lower than in most investigated lakes in the Mazurian Lake District, where eutrophic lakes predominate (1600-4730 kcal m -2 yr -1 -Czeczuga 1959, Kajak et al. 1972 , Mucha 1974 , Bogaczewicz-Adamczak 1977 . On the other hand, it was higher than in the majority of 14 lakes of the more boreal Canadian Shield, investigated by Schindler (1972) (all lakes but one were in the range of 24 -197 g m -2 yr -1 C; one lake 325 g m -2 yr -1 C). It can be concluded from the current study that, in spite of moderate productivity and deep-reaching photosynthesis in the lakes of the Bytów Lakeland area, their hypolimnetic oxygen resources can be easily exhausted by intensive oxygen consumption. Atmospheric ventilation is essential for the oxygen balance of this group of water bodies, as is common in more eutrophic lakes, e.g. in the Mazurian Lake District. The morphometry of the lakes (e.g., relative hypolimnion volume) play a very important role in oxygen balance and may substantially influence not only the intensity but also the timing of particular events in the oxygen cycles of the lakes.
